A zero boil-off (ZBO) cryogenic propellant storage concept was recently tested in a thermally relevant low-earth orbit environment, an important development in the effort to apply this concept to flight projects. Previous efforts documented the benefits of ZBO for launch vehicle upper stages in a low-earth orbit (LEO). Central to that analysis is a ZBO Cryogenic Analysis Tool that estimates the performance of each component and the ZBO system. This test is essential to the validation of that tool, and was the first flight representative configuration tested in a thermally representative environment. The test article was comprised of a spherical 1.4 m diameter insulated propellant tank, with a submerged mixer, a cryogenic heat pipe, flight design cryocooler, and a radiator. All were enclosed in a thermal shroud and inserted into and tested in a vacuum chamber that simulated an LEO thermal environment. Thermal and pressure control tests were performed at sub-critical LN 2 temperatures and approximately 2 atmospheres pressure. The cold side of the ZBO system performed well. In particular, the heat pipe performed better than expected, which suggests that the cryocooler could be located further from the tank than anticipated, i.e. on a spacecraft bus, while maintaining the desired efficiency. Also, the mixer added less heat than expected. The tank heating rate through the insulation was higher than expected; also the temperatures on the cryocooler hot side were higher than planned. This precluded the cryocooler from eliminating the boil-off. The results show the cryocooler was successful at removing 6.8 W of heat at approximately 75 K and 150 W of input power, with a heat rejection temperature of 311 K. The data generated on the ZBO components is essential for the upgrade of the ZBO Cryogenic Analysis Tool to more accurately apply the concept to future missions. Figure 9.-Changes in pump speed or on time had no affect on heat removal rate.
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II. Introduction
The purpose of ZBO is to control tank pressure without the need to vent propellant, using a synergistic application of active refrigeration (via a cryocooler) and multi-layer insulation. In this case, the heat enters the tank walls, primarily through radiation, and is removed by a submerged fin heat exchanger coupled to the cryocooler. The cryocooler rejects the heat to the cryoshroud (which simulates the LEO temperature) through a radiator.
Predecessors to this development test were two successful ZBO tests, 1,2 both of which provided important stepwise developments of this concept. The test reported here is an important evolution of the concept because it is more representative of flight, mainly because of the use of a flight-like cryocooler.
This testing was a step in a roadmap to advance the ZBO concept toward future flight applications with cryogenic upper stages of launch vehicles. Recent analysis shows substantial benefit 3 of ZBO when compared to passive cryogenic propellant storage for low earth orbit (LEO). Accordingly, this development test was performed in a simulated LEO environment, under vacuum and with an environmental temperature of 230 K. Note that no tank shading nor any radiation model was created to determine the actual environment temperatures of the configuration.
Flight representative components were used, where possible, including a joint Air Force/NASA developmental high efficiency flight-type cryocooler along with a one-of-a-kind cryogenic heat pipe. The test hardware configuration used is shown in figure 1 .
The principal development reported here is the integration of the flight cryocooler, including a flexible coupling, a cryogenic heat pipe, and a submerged mixer to a cryogenic storage tank. This provides important information to validate analytical models on the overall system efficiency, system control, forced convection requirements (coupling of the mixer to the heat exchanger), and the effects of heat rejection. 3
III. Experimentation

A. Facility
NASA Glenn Research Center's Small Multi-Purpose Research Facility (SMiRF), is a test bed used to evaluate the performance of thermal management systems. The vacuum chamber, 1.8 m diameter by 3 m long, produces a vacuum of 1.8 × 10 -5 torr. The cylindrical cold GN 2 shroud, used to provide a controlled thermal environment to the test article, was augmented with a top and bottom section of similar design to provide a completely enclosed thermal shroud. The shroud was controlled to 230 K (227 to 233 K). In addition, the shroud sections are covered with a mylar sheet, to even-out their temperature and reduce the thermal load. Figure 2 shows this assembly, minus the top shroud, being lowered into the vacuum chamber.
B. Test Article
Tank: The tank is spherical with a diameter of 1.4 m. It is a thin-walled, flight-weight tank made of 2219 aluminum. The tank is hung from the vacuum chamber lid with six stainless steel cables, 0.6 cm thick. For tests, the tank is filled with LN2 at 138 kPa (20 psia).
Insulation:
The insulation on the test tank consists of two multi-layer insulation (MLI) blankets. Each blanket is comprised of 17 double aluminized mylar (DAM) radiation shields alternatively spaced with double silk net spacers. Two blankets are used, for a total of 34 layers of MLI. The blankets are held together with Nylon fasteners and reinforced Mylar cover sheets. Nylon button-pin studs, epoxied to the tank wall, support the blankets. Approximately 2/3 rds of the tank is covered with this insulation, which was originally fabricated and tested in 1977 was used again in 1998. 1 The other third of the insulation was replaced using similar materials and construction. The outside layer of older insulation had evidence of oxidation and the blankets did not assemble to the tank as neatly as they had in 1998. However, it was not replaced. Fitted MLI blankets, comprised of approximately 10 layers of mylar, are assembled to insulate the tank supply, vent, and drain lines as well as the cryocooler flexible link and cryogenic heat pipe. Velcro and aluminized mylar tape are used to attach this insulation. The insulated tank, as assembled to the vacuum tank lid, is shown in figure 3 . The estimated tank heating rate with this insulation is 6.8 W.
Heat Removal System: A pump is mounted off the bottom baffle plate inside the test tank. With a design flow rate of 33 liters per minute and a differential head of 1.5 m at 10 W input power, this pump can easily break up the top stratified layer of the tank liquid when the tank is filled. The pump is shown in figure 4 .
The pump outlet is directed at the fin of the heat echanger, which is located equidistant from the top and bottom of the tank. The pump moved the heat that entered the sidewalls and circulated it to the fin; natural convection also moved heat to the fin. The fin is soldered to the heat pipe, or "thermosyphon." The thermosyphon is an original design. It is sized so that the evaporator area is 3 times bigger than the condenser, which helps maintain a relatively constant thermal resistance over a broad range of temperatures. A design fill level of 15% was used to keep the maximum pressure in the pipe to a reasonable level. The thermosyphon is charged with high purity GN2 gas at 225 psi.
The selected design's calculated thermal resistance is 0.335 K/W, with a heat flow of 8 W. It is interesting to note that a solid copper rod of the same dimensions would have a thermal resistance of 12.5 K/W at 77 K. The thermosyphon design and its performance is described in more detail in reference 4.
The fin end of the thermosyphon is the evaporator. In it, heat causes evaporation which then moves to the condenser. The condenser is mated through a flexible link to the cryocooler. The exterior of the thermosyphon is vacuum jacketed to prevent removal of heat that migrates to the top of the tank, to better represent a low-gravity application. The vacuum jacket on the thermosyphon is welded to a flange that is mated to the tank. The thermosyphon and fin are shown in figure 5. The cryocooler is a High Efficiency Cryocooler (HEC), designed and fabricated by Northop Grumman under funding from NASA and the Air Force Research Laboratory. It was designed for an actual flight application, but has not yet been qualified for flight. It has a capacity of 10 W of heat removal at 95 K (300 K rejection temperature). Performance curves developed at the Air Force Research Laboratory indicate that it could remove 7 W of heat at an input power of 140 W under our expected conditions (75 K), which appears to be enough to achieve ZBO at LEO. The cooler weighs just 4 kg. It is shown mounted on the radiator in figure 6.
Heat is rejected through the radiator, also depicted in figure 6 . The radiator is a solid aluminum structure and serves to support the cryocooler while rejecting its heat along with that entering the test tank. The majority of heat is rejected to the cryoshroud, although a portion is intercepted by the tank itself. The radiator interior, which is where the cryocooler is mated is painted black. The exterior was left unpainted. The radiator is supported by stainless steel wires from a low-conductivity Micarta ring, which is hung via Kevlar cables from the vacuum chamber lid. The radiator did not come into contact with the cryogenic tank walls, although at its perimeter it is very close to the outside layer of tank insulation.
During assembly, pneumatically actuated pins hold the radiator/cryocooler assembly to the test tank lid to prevent substantial movement of this structure as it hangs from the vacuum chamber lid. Those pins are retracted prior to installation into vacuum chamber.
In an actual flight configuration, the cryocooler and radiator assembly would likely be mounted on the spacecraft bus and the propellant tank would be shielded from the hot radiator.
Test tank temperature sensors are used primarily for fill level information and liquid temperature. The instrumentation on the thermosyphon is used to determine its performance and the flexible link temperature data is used to find the heat going in the cryocooler. It was calibrated at temperature prior to the test. The pump speed is used to determine its outflow and its heat addition to the tank. Temperature data on the plumbing and support cables is used to determine the heat entering the tank from those sources. The temperature sensors on the outside of the insulation are used to determine if the insulation temperatures are steady.
Cryocooler power is only locally available at the power source, which includes two true power meters. These meters are also used to calibrate the pump power. Videotape is used to verify and time stamp these measurements.
Facility instrumentation includes an ion gauge for the vacuum level, a gas analyzer, and 30 thermocouples on the cryoshroud. Test Sequence: The vacuum chamber is pumped down for several days to remove as much vapor as possible. The insulation was purged with GN2. The cryoshroud system is brought down to the desired temperature. When the vacuum chamber gas analyzer indicates that the vapor is gone, the test tank was filled with LN2 to 99% full. During this process, the tank is vented to prevent overpressure. When the vent rate and the exterior insulation are steady over several hours, the cryocooler is turned on to eliminate boil-off. The tank mixer is turned on periodically to destratify and move the heat to the fin.
IV. Results
The first test determined that the baseline heating rate was be 9.4 W. This was significantly higher than expected. This same tank and insulation was tested in 1998 2 with liquid hydrogen, where it was found to have a heating rate of 14.5 W, which when adjusted for LN2 and the different environmental temperature used for these tests, is equivalent to 6.8 W. That heating rate was less than that of the same insulation that was fabricated in the late 1970's (ref. 4) . Obviously, substantial degradation of the insulation properties has occurred.
The tank strut heating was 0.7 W. The heating rate from the cryocooler, when off, was 0.9 W. The heat soak back from the radiator on the MLI was 0.2 W. Table 1 charts the temperatures between the cryocooler and the liquid nitrogen in the tank. The temperature difference is a substantial system inefficiency, despite our efforts to minimize this delta T. The actual and design temperatures are both shown. The most significant difference between and design and actual temperatures is the difference in the fin and saddle temperatures. This is where the thermosyphon was located and it proved to have half the thermal resistance predicted based on other heat pipes. Note that few have been made of this size and temperature, and there is little design data. The condenser and evaporator sizes were well matched, which contributed to its outstanding performance. (see fig.7 and ref. 4) .
A. Cold Side Performance
This design is somewhat relevant to the micro-g environment, which would use a heat pipe with wicking. Wicking affects start-up and not the performance of condenser or evaporator. The thermosyphon's entrainment along the walls could aide response and might serve to reduce ∆T. That would not occur in a heat pipe with wicking. While the flow characteristics and heat pipe start-up would be different and potentially more difficult, this development means that heat pipe length should have minimal effect, within reason, permitting more flexibility in cryocooler configuration, potentially sharing heat loads, compressors, and controllers. 
B. Mixer Performance
The mixer was very effective in destratifying the propellant. It took only 30 seconds to do so, at a mixer power of 3.5 W. With our pump duty cycle of once per 90 minutes, this equals 0.058 W of average power (which is heat that the cryocooler must remove). Furthermore, if the pump is sized for an in-space application, then it would only need to overcome cryogen surface tension forces, further reducing the pump power requirement to 0.0007 W for LO2; 0.0014 for LH 2 . 3 The mixer was not needed for heat removal. The heat removal rate did not increase when the pump was on. This was not anticipated. For these ground tests, free convection was sufficient to move the heat from the tank walls to the fin, which was in the center of the tank (see fig. 1 ). This is because of the low viscosity of the cryogen, which contributes to a high Grashoff number (a high Grashoff number results in high free convection rates). It is also proportional to gravity, so in the microgravity environment of space, free convection rates will be substantially reduced.
C. Radiator Performance
The heat from the test tank (9.4 W) and the heat from the cryocooler compressor (150 W) went to the radiator. The radiator's purpose was to minimize the cryocooler hot side temperature by moving this heat out to the cryoshroud. The temperatures on the radiator were 311 K, which was 21 K warmer than anticipated. Because the cryocooler cold side temperature is dependent on this temperature, this caused the cryocooler cold-side to be warmer for the same input power, which is additional system inefficiency. Post-test radiator analysis explored many radiator concepts, to determine the potential improvement in its performance and the best design for an in-space application of this size. A different radiator that included a capillary heat pipe and additional struts would have reduced the cryocooler interface temperature to 273 K, or 43 K above the shroud temperature. This would have improved the heat removal capacity to 7.8 W, which still would not have been enough to achieve ZBO.
D. Tank Pressure Control
Tank pressure versus time is shown in figure 8. While the cryocooler reduced the pressure rise rate, it was not sufficient to remove the heat that entered the tank. Steady state pressure control has not yet been achieved. Figure 9 shows that pump speed and duration did not have an effect on the tank pressure control. 
V. Future Work
Analysis has begun on an actual spacecraft configuration with a cryogenic propulsion stage in a zero boil-off configuration. The spacecraft thermal model will determine if the low-Earth orbit temperature of 230 K used in this test is too conservative. Preliminary results indicate that sunshades and spacecraft bus shielding can dramatically reduce this temperature and substantially reduce the cooling requirements. This thermal model combined with the test data obtained here will be the basis for follow-on testing or future modeling.
VI. Conclusion
The baseline tank heating rate was too high to achieve zero boil-off with the cryocooler and radiator used. The primary source of the problem was poor insulation, which had degraded through years of storage. From the data obtained on the cryogenic heat pipe, it appears that cryocoolers can be located on the spacecraft bus instead of close coupling with the propellant tank -a much-improved situation. This is due to the low temperature gradient of the thermosyphon and its relative insensitivity to length. Also, the average power required for the mixer was less than anticipated. The developments on the heat pipe, mixer, and the radiator will be incorporated in the ZBO Cryogenic Analysis Tool and adds important definition and data that will be applied to future ground tests and to in-space mission concepts.
